To investigate the role of claudin-6 in adipogenesis, claudin-6 mRNA was examined in adipose tissues and adipocyte differentiation. Claudin-6 mRNA was found to be differentially expressed in four different adipose tissues, and up-regulated in each fat depot of mice fed a high-fat diet as compared to a normal-fat diet. Levels of claudin-6 transcripts were increased during differentiation of 3T3-L1 cells in vitro. Moreover, small interfering RNA (siRNA)-mediated reduction of claudin-6 mRNA inhibited differentiation of 3T3-L1 cells. These results suggest that claudin-6 is another important regulator in adipogenesis and fat deposition.
It has been found that the molecular process of adipogenesis and fat depot is regulated by several genes and proteins. Among these, peroxisome proliferatoractivated receptor (PPAR ) and CCAAT/enhancer binding protein (C/EBP) are critical transcription factors in adipogenesis. [1] [2] [3] Even though there have been many reports related to adipocyte differentiation, the molecular mechanism of fat depots remains unclear. Using an mRNA differential display method, we found that claudin-6, a member of the claudin multigene family (about 23 kDa) of tight junction (TJ) molecules, is differentially expressed in subcutaneous and visceral adipose tissues of mice. Claudin-6 is known to be present in embryonic epithelia, 4, 5) and overexpression of claudin-6 in transgenic mice generates a defective epidermal permeability barrier. 6) Epithelial TJ constitutes a barrier both to the passage of ions and molecules through the paracellular pathway and to the movement of proteins and lipids between the apical and the basolateral domains of the plasma membrane. The proteins involved in the formation of TJs have been divided into two categories: integral membrane proteins such as claudins, occludins, and junctional adhesion molecules. 7) Occludin appears to be universally correlated with TJs, 8, 9) whereas claudins form at least 24 members of a gene family and expression of individual claudins depends on the tissue and cell types.
There have been no reports, however, as to whether the expression of claudin-6 mRNA is present on adipocytes and adipose tissue. Therefore, in the present study we evaluated the expression of claudin-6 mRNA in four different adipose tissues, and also how claudin-6 is regulated during differentiation of adipocytes.
Materials and Methods
Animals. Three-week-old male C57BL/6J mice were obtained from Charles River Japan (Tokyo, Japan). They were housed individually in cages with wire-mesh bottoms at a constant temperature (20) (21) (22) C) and humidity (50-60%) under a 12-h-light/12-h-dark cycle. The animals had free access to water and chow (Oriental Yeast Co., Chiba, Japan) containing 8.5% (w/w) fat, 43.7% carbohydrate, and 29.7% protein, with an energy content of 3.69 kcal/g, for an acclimatization period of 1 week. The mice were then weighed and divided into two groups of six with approximately equal mean body weights. One group was fed the standard diet, and the other received a high-fat diet for 11 weeks (4-15 weeks of age). The high-fat diet was obtained from Research Diet (Oriental Yeast Co., Chiba, Japan) and contained 41% fat, 36% carbohydrate, and 23% protein, with an energy content of 4.33 kcal/g; its fat source was the same as that of the standard diet and it contained the same absolute amounts of protein and fiber as the standard diet. The animals were weighed every week. At the end of the experimental period, the mice were killed by decapitation. White adipose tissues were rapidly separated from subcutaneous, perirenal, mesenteric, epididymal, and parametrial fat sites, immediately frozen in liquid nitrogen, and stored at À80 C until RNA extraction. A range of nonadipose tissues was also collected and stored: brain, pituitary, heart, kidney, liver, lung, stomach, muscle, colon, spleen, small intestine, and pancreas. All experiments were conducted in accordance with the Shinshu University Guide for the Care and Use of Experimental Animals.
Cell culture of 3T3-L1 cells and differentiation. Low passage number 3T3-L1 cells were obtained from ATCC (Manassas, VA). The cells were plated and maintained to 2 d post-confluence in DMEM containing 10% fetal bovine serum. Medium was replenished every 48 h. The cells were induced to differentiate by the addition of DMEM containing 10% fetal bovine serum, 0.5 mM 3-isobutyl-1-methylxanthine, 1 mM dexamethasone, and 1.7 mM insulin. After 48 h, the medium was replaced with DMEM supplemented with 10% fetal bovine serum, and the cells were maintained in this medium for at least 7 d following induction of differentiation. In another set of experiments, after the culture medium was changed to the differentiation-inducing medium, troglitazone (5 mM) was treated at 48-h intervals during differentiation. Cytoplasmic lipid droplets were assessed by microscopy and oil red O staining.
10)
Total RNA extraction and semi-quantitative RT-PCR. Total RNA was extracted from adipose tissues by the acid guanidium-thiocyanate-phenol-chloroform method.
11) Total RNA was extracted from confluent 3T3-L1 cells and differentiated adipocytes using Trizol Reagent (Gibco BRL, Gaithersburg, MD). One microgram of total RNA was then reverse transcribed to cDNA in a 20 ml RT reaction system containing oligo(dT) primer and MMLV reverse transcriptase, and RT reaction was carried out at 42
C. Semi-quantitative RT-PCR was performed as previously described 12) to measure levels of claudin-6, PPAR-2, leptin, and -actin mRNA. The primer pairs used were: claudin-6, forward primer (
, and -actin forward primer (5 0 -AGGTCATCACTATTGG-CAAC-3 0 ), -actin reverse primer (5 0 -AGGTCATCAC-TATTGGCAAC-3 0 ). To ensure amplification in the exponential range, the cDNA was amplified from 15 to 45 cycles so that the appropriate number of cycles was selected according to the PCR signal generated from claudin-6, PPAR-2, leptin, and -actin. In case of claudin-6, the level of claudin-6 mRNA exponentially increased from cycle 30 to 40, and the plateau phase was reached between cycles 40 and 45. The exponential phases of the PPAR-2, leptin, and -actin genes were on cycles 24-32, 20-35, and 20-30 respectively. To estimate the amount of PCR product, the PCR reaction of each gene was performed during the exponential phase of reaction as follows: We performed PCR for 35 cycles with a 52 C annealing temperature for claudin-6 (product size 363 bp), 28 cycles with a 58 C annealing temperature for PPAR-2 (product size 454 bp), and 30 cycles with a 55 C annealing temperature for leptin (product size 357 bp). -actin (product size 363 bp), the housekeeping gene, was amplified as an internal control with 28 cycles at a 55 C annealing temperature. In addition, in order to confirm the expression of mRNA in the sample, a titration assay was performed. PCR was done with various dilutions of cDNA prepared from total RNA. The initial titration assay in the number of dilution series was adapted to the particular expression level of the target mRNA. PCR products were resolved on a 1.2% agarose gel. The DNA was visualized by ethidium bromide staining and analyzed using NIH image software. The amplified cDNAs were subcloned into the pGEM-T easy vector (Promega, Madison, WI), and the sequences were confirmed using an automated DNA sequencer (ABI 310).
Preparation and transfection of siRNA. Small interfering RNA (siRNA) oligonucleotides were designed to interact with claudin-6 mRNA using the siRNA design tool provided by Dharmacon Research (Lafayette, CO). The oligonucleotide sequences were 5 0 -AAUGGC-CUGCUAUUCUACAUC-3 0 (claudin-6 siRNA), and 5 0 -AAUCAACUGACUCGACCACUA-3 0 (scrambled siRNA). The scrambled siRNA was used as a negative control. The siRNAs were constructed employing the SilencerÔ siRNA construction kit (Ambion, Austin, TX) according to the protocol provided by the manufacturer. Upon confluence, the 3T3-L1 cell media were changed to growth media without antibiotics. Two days later, cells were transfected with siRNAs (50 nM) using the siPORTÔ lipid transfection reagent (Ambion, Austin, TX) according to the manufacturer's instructions. Five volumes of differentiation medium without antibiotics were added 4 h after transfection, and the cells were maintained under normal growing conditions and induced to differentiate as described above. Downregulation of the claudin-6 targeted by siRNA was confirmed by analysis of its levels of expression using RT-PCR.
Statistical analysis. Data are presented as means AE SEM of six animals treated with the same protocol. Comparisons were tested by ANOVA, followed by Fisher's protected least significant difference as a posthoc analysis. Significance was set at P < 0:05.
Results and Discussion
Initially we examined claudin-6 gene expression in adipose tissues from 15-week-old mice fed high-fat and normal diets. In a subsequent experiment to validate our results, we determined the expression levels of leptin and PPAR-2. RT-PCR analysis showed that the levels of claudin-6, PPAR-2, and leptin mRNA were upregulated at different rates in the four adipose tissues screened (Fig. 1A) . Expression of claudin-6 in nonadipose tissues was detected strongly in pituitary, while there were varying degrees of expression in brain, heart, kidney, liver, lung, stomach, skeletal muscle, small intestine, colon, spleen and pancreas (Fig. 1B) . To investigate whether up-regulation of PPAR-2 is related to the expression of claudin-6 mRNA, 3T3 cells were treated by troglitazone during adipocyte differentiation. Troglitazone treatments stimulated PPAR-2 mRNA expression during differentiation for 6 d. The levels of claudin-6 mRNA were significantly up-regulated in response to troglitazone treatment for 6 d (Fig. 2) . Furthermore, in order to determine whether knockdown of claudin-6 mRNA affects adipocyte differentiation, we examined the expression of PPAR-2 during differentiation of cells that had been transfected with claudin-6 siRNA. PPAR-2 mRNA levels were down-regulated in the transfected cells as compared with the control cells (Fig. 3A) . In addition, there were dramatically fewer Oil-Red-O staining cells in claudin-6 siRNAtransfected cells (Fig. 3B) .
Our study indicated for the first time that claudin-6 A, The levels of claudin-6 mRNA in four different adipose tissues of male mice fed either a normal-fat or a high-fat diet for 15 weeks. RT-PCR analysis was performed on total RNA extracted from adipose tissues of normally fed and high-fat-fed mice tissue. Data were normalized using -actin mRNA, and are expressed relative to perirenal adipose tissue of mice fed the normal diet. The RT-PCR results shown are representative of six separate experiments with the same protocol. The data represent the means AE SEM of the six animals.
Ã P < 0:05 vs. control. N, Normal fat fed mice; H, High fat fed mice; Sub, subcutaneous; Per, perirenal; Mes, mesenteric; Epi, epididymal; N.D, no detected. B, Levels of claudin-6 mRNAs in various tissues of 15-week-old male mice. Representative ethidium bromide-stained agarose gel showing amplified claudin-6 andactin with molecular markers. -actin was used as the internal standard. mRNA is expressed at increased levels during differentiation of 3T3-L1 cells and is differentially expressed in each type of adipose tissue. White adipose tissue plays a key role in energy homeostasis by regulating the balance between energy storage and release according to nutritional status. It is now recognized that obesity results from abnormal increases in white adipose tissue mass, leading to alterations in whole-organism energy storage and utilization. 13, 14) Feeding a high-fat diet to rodents has been reported to induce insulin resistance, hyperinsulinemia, and hyperglycemia in the whole body and in skeletal muscle, and if continued for a longer period, it can lead to the development of diabetes. [15] [16] [17] Interestingly, we found that claudin-6 mRNA levels are up-regulated in four different white fats of mice fed a high-fat diet as compared to a control diet. The current findings also suggest that the claduin-6 gene in adipose tissue might play a role in the development of adipose tissues.
Claudin
Complexed with two other integral transmembrane proteins, occludin and junctional adhesion molecule, claudins are located in both epithelial and endothelial cells in all TJ-bearing tissues. 18, 19) In addition, TJs are considered central in signal transduction from the cell surface to the cortical cytoskeleton, 20) whereas changes in the actin cytoskeleton appear to modulate the assembly and function of TJs. 21) Claudins interact directly with occludin and ZOs, 22) and appear to participate in the TJ-dependent signal transduction pathway. 23, 24) The molecular mechanism by which the up-regulated expression of one claudin contributes to changes in the expression of other claudins and TJ protein is unknown, but occludin was not changed during differentiation in vitro (data not shown). Our data indicate that only the expression of claudin-6 was elevated during the adipogenesis of 3T3-L1 cells. We also found that troglitazone treatment increased claudin-6 mRNA levels in 3T3-L1 adipocytes. In addition, we performed a functional analysis of claudin-6 using the siRNA knockdown method. When claudin-6 expression was knocked down, the accumulation of oil droplets decreased and further expression of PPAR-2, an adipocyte differentiation marker, declined during adipogenesis. These results indicate the possibility that claudin-6 might be another important factor related to adipogenesis and adipocyte differentiation, a long with several known factors.
In summary, our results, that claudin-6 mRNA was up-regulated during adipocyte differentiation and differentially expressed in four fats, suggest that claudin-6 plays an important role in facilitating the maturation of 3T3-L1 cells into adipocytes and adipose tissue depot. 
